We have developed a simple and fast quantitative method for depth and shape determination from residual gravity anomalies due to simple geometrical bodies (semi-infinite vertical cylinder, horizontal cylinder, and sphere). The method is based on defining the anomaly value at two characteristic points and their corresponding distances on the anomaly profile. Using all possible combinations of the two characteristic points and their corresponding distances, a statistical procedure is developed for automated determination of the best shape and depth parameters of the buried structure from gravity data. A least-squares procedure is also formulated to estimate the amplitude coefficient which is related to the radius and density contrast of the buried structure. The method is applied to synthetic data with and without random errors and tested on two field examples from the USA and Germany. In all cases examined, the estimated depths and shapes are found to be in good agreement with actual values. The present method has the capability of minimizing the effect of random noise in data points to enhance the interpretation of results.
Introduction
The aim of gravity survey is to determine the depth and shape of buried structures of economic interest which reveal themselves as anomalies on the maps or the profiles. The measured anomalies are often used in a qualitative way to assist regional geological interpretations. However, sometimes an individual residual anomaly is found which stands out so clearly that it can be separated from the regional background and the neighbouring interferences (Nettleton, 1976) and which is so simple in appearance that it can be considered as caused by a single structure. In this case, quantitative methods of interpretation can be used to determine the depth and shape of the buried structure.
The 2D (Tanner, 1967) , 2.5 (Chakravarthi, 2011) or 3D (Cordell and Henderson, 1968; Götze and Lahmeyer, 1988) continuous modelling techniques are widely used to interpret gravity data. However, they are involved with personal prejudices and judgements as well as requiring density information as part of the input, along with some depth information obtained from geological and/or other geophysical data. Thus, the resulting model can vary widely, depending on these factors, and still give a calculated curve in close agreement with the observed data. On the other hand, the advantage of fixed geometry (spheres and cylinders) methods over continuous modelling methods is that they require neither density nor depth information and they can be applied if little or no factual information other than the gravity data is available. The models may not be geologically realistic, but usually approximate equivalence is sufficient to determine whether the form and magnitude of calculated gravity effects are close enough to the observed gravity data to make the geological postulate reasonable. Moreover, for interpreting simple geological structures, fixed geometry methods can be both fast and accurate.
Simultaneous estimation of the depth and shape of a buried structure from a residual gravity anomaly profile due to simple geological structure has drawn considerable attention. The methods generally fall into one of two categories. The first category is the convolution methods, in which simple models are convolved with the same moving average filters or numerical horizontal derivative filters as applied to the observed gravity data (e.g. Abdelrahman and El-Araby, 1996; Abdelrahman et al., 2001a Abdelrahman et al., & 2006 , and correlation factors between successive least-squares residual gravity anomalies (Abdelrahman and El-Araby, 1993) . These methods can be applied to both residual and observed data. However, the convolution and correlation methods may be excluded when interpreting a residual gravity anomaly due to a purely local structure because these methods are highly sensitive to errors in the anomaly amplitude resolution and they are lengthy and tedious.
The second category is the methods which can be applied only to residual gravity anomaly due to a purely local structure to estimate the shape and depth. The methods include, for example, the Walsh transform technique (Shaw and Agarwal, 1990) , use of quadratic equations (Nandi et al., 1997) , least-squares minimization approaches (Abdelrahman and Sharafeldin, 1995; Abdelrahman et al., 2001b; Essa, 2014) , iterative methods (Abdelrahman and El-Araby, 1996) , constrained and penalized nonlinear optimization techniques (Tlas et al., 2005) , use of a common intersection point of depth curves (Essa, 2007) , non-convex and nonlinear Fair function minimization, adaptive simulated annealing, and stochastic optimization algorithm (Asfahani and Tlas, 2012) , deconvolution technique and use of simplex algorithm for linear optimization (Asfahani and Tlas, 2015) . However, most of these methods, particularly those given by Abdelrahman and Sharafeldin (1995) , Abdelrahman et al. (2001b) , Abdelrahman and El-Araby (1996) and Essa (2007 Essa ( & 2014 are based on defining the anomaly value at the origin [g(max)] and it remains as a fixed parameter in the process, and hence they are highly subjective in determining the shape and depth of the buried structure from the residual gravity anomaly profile.
To address the above problem and to make the problem computationally tractable on a personal computer, a simple and fast statistical method to determine the depth and shape of a buried structure from a residual gravity anomaly profile, has been developed. The method uses all possible combinations of two characteristic points and their corresponding distances for automated determination of the best shape and depth parameters of the buried structure from gravity data. The advantage of the present technique over nonlinear least-squares methods and depth-shape curves methods (Abdelrahman et al., 2001b (Abdelrahman et al., & 2006 Abdelrahman and El-Araby, 1996; Essa, 2007 Essa, & 2014 , is that it has the capability of minimizing the effect of random errors in the data points to enhance the interpretation results because the method uses all successful combinations of data points several times. When our statistical approach is used, the use of anomaly value at the origin plays a minor role in determining the model parameters. The method is applied to synthetic data with and without random errors and tested on two field examples from the USA and Germany.
Theory
The general gravity anomaly expressions produced by a sphere, an infinitely long horizontal cylinder, and a semi-infinite vertical cylinder can be given as (Abdelrahman et al., 2001a) :
where
for a semi-infinite vertical cylinder 1.0 for a horizontal cylinder 1.5 for a sphere .
In equation (1), z is the depth of the body, x is the position coordinate, A is the amplitude coefficient related to the density contrast (ρ) and the radius (R) of the buried structure, q is the shape value and G is the universal gravitational constant.
For all shapes (q), equation (1) gives the following two equations at x i and x j respectively:
where x i and x j are two different horizontal distances from the point of the origin to the point where the residual gravity has g(x i ) and g(x j ) values, respectively. Let L = g(x i )/g(x j ), then using equations (2), and (3), we obtain:
For all shapes, equation (4) will converge to a depth solution when x i = x j , x i + x j = 0, L 1/q < 1, and x 2 j < x 2 i L 1/q . These conditions should be implemented in any computer program in order to determine a reliable depth estimate from all successful combinations of x i and x j . Theoretically, one successful value of x i and x j is sufficient to determine the depth to the buried structure from equation (4), but in practice, more successful combinations of x i and x j are desirable because of the presence of noise in the data. However, equation (4) can also be used not only to determine the depth but also to estimate simultaneously the shape of the buried structure. The procedure is as follows: 1) Digitize the residual anomaly profile at several points including the central point x = 0. 2) For each x i and x j value, apply equation (4) to the residual anomaly profile, yielding depth solutions (z) for all possible q values. We then compute the standard deviation of depths for each value of (q). 3) Finally, we use a search algorithm to find the value of (q) at which the standard deviation of the depths is a minimum. The minimum standard deviation is used as a criterion for determining the correct depth and the shape of the buried structure. When the correct value of the shape is used, the standard deviation of the depths is always less than the standard deviations computed using wrong values of (q).
Knowing the computed depth (z c ) and shape value (q c ), and applying the least-squares method to equation (1), the amplitude coefficient (A) can be determined from:
where D(x k ) is the observed residual gravity anomaly.
Theoretical examples

Noise Free Data
We have computed three different residual gravity anomalies due to a semiinfinite vertical cylinder (A 1 = 20 mGal·km, z = 4 km, and q = 0.5), a horizontal cylinder (A 2 = 500 mGal·km 2 , z = 6 km, and q = 1), and a sphere (A 3 = 15000 mGal·km 3 , z = 10 km, q = 1.5). Figure 1 shows the residual gravity anomalies computed from the following model equations:
for the horizontal cylinder, (7) g(x) = A 3 (x 2 + 10 2 ) 1.5
. for the sphere.
Equation (4) has been applied to each residual anomaly profile, yielding depth solutions for all possible q values (0.1, 0.2, 0.3, ..., and 2.0) for all successful combinations of x i and x j (200 combinations). We then computed the standard deviation of the depths for each shape value. The depths, their average values, and their standard deviations are given in Table 1 . Table 1 . Numerical results otained from the gravity anomaly due to a semi-infinite vertical cylinder (z = 4 km and q = 0.5), a horizontal cylinder (z = 6 km and q = 1.0),and a sphere (z = 10 km and q = 1.5). Number of successful combinations = 200 (best results in bold). The result of this study shows that the correct solution for the semiinfinite vertical cylinder model (z = 4 m, and q = 0.5), the horizontal cylinder model (z = 6 km and q = 1), and the sphere model (z = 10 km and q = 1.5) occurs at zero standard deviation of the depths. The zero value of the standard deviation is expected because the computed depths from the residual anomaly profile using all successful combinations of x i and x j are equal to the true depth of the model when the correct shape value is used. The computed depth and the shape are in excellent agreement with the actual depth and shape of each model.
Effect of Random Noise
To test the stability of our method in the presence of noise, 10% random errors were added to each residual gravity anomaly to produce noisy data (Figure 2) . Following the same interpretation method, the results of all successful combinations (90) are shown in Table 2 . Table 2 shows that when the data contain 10% random errors, the minimum standard deviation occurs at z = 4.36 km and q = 0.5 for the semiinfinite vertical cylinder model, z = 6.42 km and q = 1.1, for the horizontal cylinder model, and z = 9.98 km and q = 1.4 for the sphere model. This demonstrates that the present method will give reliable model parameters (z and q) even when the residual gravity anomaly is contaminated with random errors.
Effect of Wrong Origin
This procedure begins with selecting the origin (x = 0) where the residual anomaly attains its maximum value and may lead to errors in the depth and shape when interpreting real data. This occurs when precise residual anomalies are not available, and when the anomalies are not well isolated from each other and when the sources are not truly idealized. We investigate this problem in this subsection.
We have computed a residual gravity anomaly due to a semi-infinite vertical cylinder (q = 0.5) buried at depths of 4 km and 6 km. We have introduced error of ±50, ±100 m, and ±150 m to the horizontal coordinate. Fig. 2 . A noisy gravity anomaly over (a) a semi-infinite vertical cylinder (A1 = 20 mGal·km, z = 4 km, and q = 0.5); (b) a horizontal cylinder (A2 = 500 mGal·km 2 , z = 6 km, and q = 1); and (c) a sphere (A3 = 15000 mGal·km 3 , z = 10 km, and q = 1.5). Table 2 . Numerical results otained from the noisy gravity anomaly due to a semi-infinite vertical cylinder (z = 4 km and q = 0.5), a horizontal cylinder (z = 6 km and q = 1.04), and a sphere (z = 10 km and q = 1.5). Number of successful combinations = 90 (best results in bold).
Model We applied our interpretation method to the residual anomalies thus obtained. The results are shown in Table 3 and 4. In the case that the actual depth to the buried vertical cylinder is 4 km, the minimum standard deviation occurs at z = 4 km and q = 0.5; z = 5.02 km, and q = 0.6; and z = 5.03 km, and q = 0.6, when the offset is ±50 m, ±100 m, and ±150 m, respectively (Table 3 ). The error in depth and shape value is about 10%. However, in case that the actual depth is 6 km, the minimum standard deviation occurs at z = 6.004 m and q = 0.5; z = 6.016 km, and q = 0.5; and z = 6.04 km, and q = 0.5, when the offset is ±50, ±100 m, and ±150 m respectively (Table 4) . In this case, the computed Table 3 . Numerical results otained from the gravity anomaly due to a semi-infinite vertical cylinder (z = 4 km and q = 0.5, after introducing error of ±50 m, ±100 m, and ±150 m to the horizontal coordinate. Number of successful combinations= 995, (best result in bold). shape value is in excellent agreement with the actual one and the error is less than 1% on the depth. It is verified numerically that in most cases, the present method will give reasonable model parameters (z and q) when the offset of the origin of the residual anomaly profile is small and particularly when the depth to the buried structure is relatively deep.
Offset
Extension to more complex shape
Consider, for example, the gravity field: Table 4 . Numerical results obtained from the gravity anomaly due to a semi-infinite vertical cylinder (z = 6 km and q = 0.5, after introducing error of ±50 m, ±100 m, and ±150 m to the horizontal coordinate. Number of successful combinations = 200, (best result in bold). 
Offset
which represents a gravity field caused by a finite vertical cylinder (vertical line approximation) with A 4 = 200 mGal·km, z 1 = 4 km, z 2 = 15 km and q = 0.5. Adapting the same procedure used in the above examples, the results are given in Table 5 . The minimum standard deviation occurs at z = 5.07 km and q = 1.0. These results suggest that our interpretation method may extended to infer a distinction in shape between an infinite vertical cylinder (q = 0.5) and finite vertical cylinder (q = ∼ 1) and sphere (q = 1.5). 
Field Examples
To examine the applicability of the present method, the following two field examples are presented.
Humble dome anomaly
The Humble oil field is located near the town of Humble in north-eastern Harris County on the Upper Gulf Coast of Texas. Named for its location, the field has drawn oil from an anhydrite and limestone reservoir in the cap rock and on the flanks of a piercement salt dome in Eocene, Miocene, Oligocene, and Pliocene formations. Figure 3 (Nettleton, 1962) shows the Bouguer gravity map of the Humble dome. Each dot on this map is representing a gravity station. Figure 4 is a profile on the line A-A' of the map. A regional trend is removed graphically to give the residual curve shown and Fig. 3 . Bouguer gravity map, Humble dome, near Houston, TX, USA (Nettleton, 1962) . Fig. 4 . Gravity profile on line AA' of the Humble dome, near Houston, TX, USA and the dome form as estimated from drilling and seismic data (Nettleton, 1962) .
the application of our method is carried out on the central part of this residual anomaly profile ( Figure 5 ). The anomaly profile (l6.62 km) was digitized at an interval of 0.277 km. Equation (4) was used to determine the depth and the shape of the buried salt dome using the present method. The result of using 995 successful combinations of x i and x j is given in Table  6 . The minimum standard deviation occurs at z = 5.05 km and q = 1.4. The shape value thus obtained by the present method suggests that the shape of the 3-D source body can be represented by a finite vertical cylinder with a hemispherical roof. This is in good agreement with the dome form (Figure 4 ) estimated by Nettleton (1962) . Moreover, using equation (5) and knowing the depth and the shape value of the Humble dome, the amplitude coefficient A was found to be −1254.6 mGal·km 2.8 . The observed and the calculated anomalies are shown in Figure 5 . 
Wathlingen dome anomaly
The Wathlingen salt dome is situated in the southern part of the Northwest German Basin. An excellent detailed review of the geology of the salt dome is given in Dubey et al. (2014) . It is evident that the peak of the salt diapirism in North Germany was probably at the end of the Late Jurassic and came to an end during the Lower Cretaceous. During the ascent of the salt, the overlying horizontal beds were heavily inclined. Figure 6 shows the observed gravity anomaly over the Wathlingen salt dome (Dubey et al., 2014) . A central profile of a short length (5 km) of this anomaly was digitized at an interval of 50 m ( Figure 7 ) and was used to determine the depth and the shape of the buried salt dome using the present method. The result of using 2500 successful combinations of x i and x j is given in Table  7 . The minimum standard deviation occurs at z = 3.2 km and q = 1. The shape value thus obtained by the present method suggests that the shape of the source body can be represented by a 2D horizontal cylinder buried at a depth of about 3.2 km. This is in good agreement with the dome form estimated by Dubey et al. (2014) who derived a 3D density model of the Wathlingen salt dome from joint modelling of gravity, gravity gradients, curvature derived from horizontal gradients and horizontal directive tendency, geological and borehole information. They found that the Wathlingen salt dome is a mushroom-structured salt body, which is 14 km long and 4-8 km wide extending up to about 4 km depth. Moreover, using equation (5) and knowing the depth and the shape value of the Wathlingen dome, the amplitude coefficient A was found to be −157.76 mGal·km 2 . The observed and the calculated anomalies are shown in Figure 7 . It is evident from the field examples that our method gives good insight concerning the nature of the geology (shape and depth) of salt domes.
Conclusions
The problem of determining the shape and depth of a buried structure from gravity data can be solved using the present method. A simple and rapid numerical approach is formulated to use the anomaly values at two characteristic points and their corresponding distances on the residual anomaly profile for determining simultaneously the shape and the depth of the buried structure. The repetition of the method using all successful combinations of such pairs of measured points will lead to the best results. The advantages of this statistical method over the least-squares methods are: (1) the method does not require computation of analytical or numerical derivatives with respect to the model parameters, (2) the method is less sensitive to errors in gravity anomaly even when the origin of the anomaly profile is determined incorrectly, and (3) the method does not depended on the anomaly value at the origin in determining the model parameters. In the synthetic examples, the solutions for depth and shape are still in good agreement with the actual model parameters. The maximum error in both model parameters is less than 10%. The method is developed to quantify the shape factor and to determine the depth. In other words, a roughly quantitative shape-related parameter and depth can be derived from gravity data. These two parameters might be used to give a good insight concerning the nature of the geology (shape and depth) of the buried structure.
